ABSTRACT Diabetes has become a major global health problem. The elucidation of characteristic metabolic alterations during the diabetic progression is critical for better understanding its pathogenesis, and identifying potential biomarkers and drug targets. Metabolomics is a promising tool to reveal the metabolic changes and the underlying mechanism involved in the pathogenesis of diabetic complications. The present review provides an update on the application of metabolomics in diabetic complications, including diabetic coronary artery disease, diabetic nephropathy, diabetic retinopathy and diabetic neuropathy, and this review provides notes on the prevention and prediction of diabetic complications.
INTRODUCTION
Diabetes mellitus is a complex metabolic disorder that is associated with insulin resistance, impaired insulin signaling, b-cell dysfunction, abnormal glucose levels, altered lipid metabolism, subclinical inflammation and increased oxidative stress During the development of diabetes, several mechanisms are involved, including increased blood glucose, islet b-cell dysfunction, insulin resistance and vascular diseases ( Figure 1a ). Acute diabetic complications occur in the early stage of diabetes, and include hypoglycemia, diabetic ketoacidosis, hyperosmolar hyperglycemic syndrome and diabetic lactic acidosis (Figure 1b) . Chronic diabetic complications that occur in the later developmental stage of diabetes include cerebral vascular disease, diabetic coronary artery disease (CAD), diabetic peripheral neuropathy, diabetic retinopathy (DR), diabetic nephropathy (DN), lower extremity vascular disease and diabetic foot disease (Figure 1b) . Type 2 diabetes mellitus leads to long-term pathogenic diseases, including micro-and macrovascular complications, such as peripheral neuropathy, retinopathy, nephropathy, decreased quality of life and increased mortality [3] [4] [5] . There is no cure once the disease is diagnosed, but early treatment at the subclinical stage can prevent or at least halt disease progression. Thus, it is of critical importance to discover early biomarkers associated with inhibited disease progression.
Metabolomics is a systems biology approach that provides global metabolic information about biological samples 6 . It has been widely used in the diagnosis and treatment of diabetes 7, 8 . A recent meta-analysis from eight prospective studies including 8,000 individuals, of whom 1,940 had type 2 diabetes mellitus, reported risk estimates for metabolites and type 2 diabetes mellitus, and showed a 36% greater risk of type 2 diabetes mellitus per study-specific standard difference for isoleucine, 36% for leucine, 35% for valine, 36% for tyrosine and 26% for phenylalanine, whereas glycine and glutamine were inversely associated with type 2 diabetes mellitus risk 8 . Many studies have shown elevated plasma levels of branched-chain amino acids and their derivatives, aromatic amino acids, and a-hydroxybutyrate before the manifestation of type 2 diabetes mellitus 9 . However, studies of diabetic complications are scarce. The purpose of the present review was to provide an update on the application of metabolomics in diabetic complications, and to provide some guidance about the prevention and prediction of the development of diabetic complications.
heart disease' or 'diabetic nephropathy' or 'diabetic kidney disease' or 'diabetic retinopathy' or 'diabetic peripheral neuropathy.' Additional articles were identified by searching the reference lists from the included studies. Articles that applied metabolomics in diabetic complications, including clinical studies and animal studies, were included.
APPLICATION OF METABOLOMICS IN DIABETIC COMPLICATIONS

Diabetic CAD
The mortality and morbidity for CAD in type 2 diabetes mellitus patients is two-to fourfold greater than in non-diabetic individuals 10 , making cardiovascular disease the leading cause of death and disability among this population. The major types of cardiovascular disease seen in diabetes are accelerated atherosclerosis, myocardial infarction, stroke and cardiac dysfunction 11 . Nevertheless, traditional risk factors could not fully explain the level of cardiovascular risk in these patients, and CAD is often undetected in diabetes patients. Recent attention has focused on identifying cardiovascular biomarkers that would provide a better non-invasive method to detect subclinical cardiovascular disease and prevent cardiovascular events 12 . These are summarized in Table 1 .
It was reported that multivariate analysis of the proton nuclear magnetic resonance ( 1 H NMR) spectra of sera was previously used to predict angiographically-defined advanced CAD with >90% accuracy and specificity 13 . Nevertheless, Kirschenlohr et al. 13 concluded that the detection of CAD by 1 H NMR with >99% confidence was very weak compared with angiography using similar methodology for angiographically defined diabetes mellitus with CAD using plasma samples from groups of 244 male patients including 44 with normal coronary arteries, 56 with one vascular disease, 69 with two vascular diseases and 75 with three vascular diseases patients, classified by statin treatment. Statin treatment caused substantial decreases in cholesterol, low-density lipoprotein and triglycerides, and affected the contribution of these lipid components to the main lipid chain (CH2, methylene) and terminal CH3, methyl peaks in the 1 H NMR spectra. They found that predictions for the normal coronary arteries and CAD groups were just 80.3% correct for patients not treated with statins, and just 61.3% correct for treated patients, compared with random correct predictions of 50%. A confidence limit of >99% was achieved for 36.2% of predictions for the untreated groups, and 6.2% for the treated groups.
Badeau et al. 14 analyzed patients with both type 2 diabetes mellitus and coronary heart disease (CHD) that were separated into placebo (n = 26) and treatment (rosiglitazone 4-8 mg; n = 25) groups for 16 weeks. They carried out serum NMR metabolomics to measure circulating low molecular weight metabolites. Compared with the placebo, the treatment significantly increased circulating glutamine and decreased lactate concentrations, both of which reflected improvements in insulin sensitivity. After rosiglitazone treatment, circulating lactate concentrations showed a significant inverse association with myocardial glucose uptake. They concluded that in type 2 diabetes mellitus patients with CHD, short-term rosiglitazone treatment caused minor improvements in metabolism; serum lactate and glutamine concentrations changed, reflecting improvements in insulin sensitivity, whereas circulating lactate concentrations inversely correlated with increased myocardial glucose uptake.
Our previous study reported a metabolomics study based on ultra-performance liquid chromatography (UPLC)-quadrupole time of flight (TOF) mass spectrometry (MS) that was designed to identify the distinct metabolic changes associated with several complications of type 2 diabetes mellitus. The 292 patients recruited in the study were divided into five groups, including type 2 diabetes mellitus with high blood pressure (HBP), type 2 diabetes mellitus with non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus with HBP and NAFLD, type 2 diabetes mellitus with HBP and CHD, and type 2 diabetes mellitus with HBP, NAFLD and CHD. Serum differential metabolites were identified in type 2 diabetes mellitus complications, including bile acids, fatty acids, amino acids, lipids, carbohydrates, steroid metabolism and tricarboxylic acid cycle 15 . In brief, the serum level of selenocysteine in type 2 diabetes mellitus with HBP and CHD was higher than type 2 diabetes mellitus with NAFLD, but these patients had significantly lower stearoyl carnitine and leucine compared with type 2 diabetes mellitus with HBP and NAFLD. Type 2 diabetes mellitus with HBP, NAFLD and CHD had higher serum levels of elaidic acid than type 2 diabetes mellitus with HBP, higher xanthine and lower aldosterone than type 2 diabetes mellitus with NAFLD, higher 4-hydroxy-3-methoxymandelic acid than type 2 diabetes mellitus with HBP and NAFLD, and higher proline, uridine, cis-2-methyl aconitic acid and cytidine than type 2 diabetes mellitus with HBP and CHD.
Diabetic Nephropathy
As the number of patients with diabetes increases, DN, also known as diabetic kidney disease, has become a growing public health problem. Elucidation of the characteristic metabolic alterations during the diabetic progression is critical to better understand its pathogenesis, and to identify potential biomarkers and drug targets. Nevertheless, there are only a handful of studies on human DN, most of which were based on serum or urine samples. Most studies of DN are in animal models. Both human and animal DN studies are shown in Table 2 . H NMR data from the serum of 613 patients with type 1 diabetes mellitus, 251 of which were normoalbuminuric, 137 had microalbuminuria and 225 had macroalbuminuria 17 . They showed how a single 1 H NMR protocol can identify the polydiagnostic metabolite manifold of type 1 diabetes mellitus, and how its alterations connect with clinical phenotypes, the clustering of micro-and macrovascular complications, and mortality after several years of follow up.
Clinical Studies
Zhang et al. 18 distinguished the global serum profiles of eight DN patients, 33 type 2 diabetes mellitus patients and 25 healthy volunteers using UPLC coupled with orthogonal acceleration TOFMS (UPLC quadrupole TOFMS). Distinct clustering between the patients and controls was observed, as well as between DN and type 2 diabetes mellitus patients. Significant changes in the serum level of leucine, dihydrosphingosine and phytosphingosine were detected 18 . Zhu et al. 19 carried out metabolic profiling based on normal phase liquid chromatography coupled with TOFMS to characterize the human plasma phospholipids (PLs) in type 2 diabetes mellitus and DN in order to identify potential biomarkers of type 2 diabetes mellitus and DN. The plasma samples from control participants (n = 30), type 2 diabetes mellitus patients (n = 30) and DN patients (n = 52) were analyzed. Potential biomarkers were successfully screened out using partial least squares discriminate analysis, and then were further identified through ion trap MS/MS and quantified. As a result, 18 significantly regulated compounds in seven PL classes in patients compared with healthy controls were regarded as potential biomarkers for type 2 diabetes mellitus or DN. Among them, there were three diabetes mellitus-specific biomarkers, eight DN-specific biomarkers and seven common biomarkers to diabetes mellitus and DN. Finally, two novel biomarkers, PI C18:0/22:6 and SM dC18:0/20:2, can be used to discriminate between healthy individuals, type 2 diabetes mellitus patients and DN patients 19 .
Han et al. 20 analyzed 150 individuals from five groups: control (n = 30), type 2 diabetes mellitus without nephropathy (diabetes mellitus, n = 30) and type 2 diabetes mellitus with nephropathy (including DN III, n = 30; DN IV, n = 30; and DN V, n = 30, according to the Mogensen classification), and carried out metabolic profiling using gas chromatography MS (GC-MS) to assess the plasma levels of non-esterified fatty acids and esterified fatty acids. Finally, the relationship between fatty acid levels and diabetes mellitus, as well as DN pathology, was speculated on, and different stages were distinguished according to their metabolic features 20 . Huang et al. 21 carried out a metabolomics study in order to discover plasma biomarkers for the early diagnosis of type 2 diabetic nephropathy stage 1 and stage 2, as well as to separate them from diabetes. Their study recruited 182 participants, including 50 healthy controls, 33 type 2 diabetes mellitus patients and 99 type 2 diabetic nephropathy patients (33 of these were stage 3). An integrated biomarker system incorporating six clinical indicators, 40 metabolites and five genes was established. The developed integrated biomarker system gave the highest total predictive accuracy (98.9%), while inosine had the highest sensitivity (0.889), specificity (1.000), positive predictive rate (1.000) and negative predictive rate (0.900) among the 48 potential biomarkers when separating patients with diabetes from patients with DN stage 3. Finally, inosine with a cut-off of 0.086 mg/L was combined with estimated glomerular filtration rate to differentiate DN stages 1 and 2 from diabetes.
Niewczas et al. 22 studied plasma metabolomics profiles as determinants of progression to end-stage renal disease (ESRD) in type 2 diabetes mellitus patients. This nested case-control study evaluated 40 cases that progressed to ESRD during 8-12 years of follow up, and 40 controls who remained alive without ESRD. They detected 262 by MS-based global metabolomics profiling in at least 80% of the study patients of the named plasma metabolites in the library. The metabolomics platform recognized 78 metabolites that were previously reported to be elevated in ESRD (uremic solutes). A total of 16 metabolites were already elevated in the baseline plasma before ESRD development. Other uremic solutes were either not different or not commonly detectable. depleted, whereas certain amino acid-derived acylcarnitines were increased. They concluded that abnormal plasma concentrations of putative uremic solutes and essential amino acids either contribute to the progression to ESRD or are a manifestation of an early stage of the disease process that leads to ESRD in type 2 diabetes mellitus. Van der et al. 23 analyzed the urine profiles of 52 type 1 diabetes mellitus patients who were clinically defined as having a normal albumin excretion rate (<30 mg/24 h) using GC-MS and LC-MS. The discriminating metabolites mainly included acyl-carnitines, acyl-glycines and metabolites related to tryptophan metabolism.
Sharma et al. 24 used GC-MS to quantify 94 urine metabolites to screen and validate cohorts of patients with diabetes mellitus and chronic kidney disease (CKD), patients with diabetes mellitus without CKD, and healthy controls. Compared with healthy controls, 13 metabolites were significantly reduced in the diabetes mellitus with CKD cohorts, and 12 of the 13 remained significant when compared with the diabetes mellitus without CKD cohort. Many of the differentially expressed metabolites were water-soluble organic anions. Further analysis showed that 12 of the 13 differentially expressed metabolites were correlated with mitochondrial metabolism, and suggested global suppression of mitochondrial activity in diabetes mellitus and CKD. Further human diabetic kidney sections expressed less mitochondrial protein; urine exosomes from patients with diabetes and CKD had less mitochondrial deoxyribonucleic acid, and kidney tissues from patients with diabetic kidney disease had lower gene expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (a master regulator of mitochondrial biogenesis). The authors concluded that renal organic ion transport and mitochondrial function were dysregulated in DN.
Pena et al. 25 attempted to discover plasma and urine metabolites that predict the development of micro-or macroalbuminuria, and selected patients with type 2 diabetes mellitus (n = 90) and HBP (n = 150). In patients with type 2 diabetes mellitus with normoalbuminuria, no plasma metabolites discriminated cases from controls. In patients with type 2 diabetes mellitus with microalbuminuria, plasma histidine was lower but enoylcarnitine was higher than controls. Urine hexose, glutamine and tyrosine levels were lower in cases versus controls. Adding the metabolites to a model of baseline albuminuria and estimated glomerular filtration rate, the metabolites improved risk prediction for the macroalbuminuria transition (plasma integrated discrimination index = 0.28, P < 0.001; urine integrated discrimination index = 0.43, P < 0.001). These metabolites did not differ between HBP cases and controls without type 2 diabetes mellitus. They concluded that type 2 diabetes mellitus-specific plasma and urine metabolites were discovered that could predict the development of macroalbuminuria beyond established renal risk markers. Amino acids are handled by B 0 AT1, a novel member of the Na+ dependent neurotransmitter transporter family (SLC6, also named slc6a19) that is a cotransporter responsible for luminal influx, the heterodimeric exchanger, the facilitated diffusion transporter TAT1 in charge of basolateral efflux and possibly other transporters 26, 27 . Kidney protein turnover is characterized by the highest rates of protein synthesis and amino acid oxidation, mainly in the tubulointerstitium. However, until now, it has been unclear how different amino acids derivatives play important roles during the progression of DN. An increasing number of studies are required to show the detailed mechanisms underlying the formation of DN.
Animal Studies
Zhi Bai Di Huang pill (ZDP), an ancient traditional Chinese medicine, has been frequently used for the treatment of kidney deficiency for thousands of years in China. Diabetes always presents with kidney deficiency syndrome. Male rats were divided H NMR spectra of sera, urine and kidney extracts from the rats, it was shown that the cluster of DN rats was separated from control rats, whereas some ZDP-treated DN rats were close to control rats. Higher levels of lipids and 3-hydrobutyrate were found, and a lower level of lactate was observed in sera, as well as the upregulation of glucose, 3-hydrobutyrate and lactate, and the downregulation of betaine in the kidney tissues of DN rats compared with controls. The authors concluded that ZDP ameliorates DN symptoms by regulating several dominant metabolic pathways, such as inhibiting glucose and lipid metabolism, and enhancing methylamine metabolism 28 . Zhao et al. 29 designed a metabolomics study based on GC-TOFMS and UPLC-TOFMS to explore the related mechanisms of DN development and fosinopril treatment. Fosinopril is a pharmacological inhibitor of angiotensin II-converting enzyme, which has been confirmed to have apparent renoprotective effects on patients with CKD. They collected perfused renal cortex samples from diabetic rats induced by streptozocin (STZ), treated with or without fosinopril, and then identified a number of abnormal metabolites in the diabetic kidney, including groups of amino acids, carbohydrates, polyols, lysophospholipids, glucuronides and other unidentified metabolites. Of these, an increase in intrarenal organic toxins, including uremic toxins, glucuronides and glucotoxicity-associated metabolites, were highly correlated with diabetic kidney injury, including 24-h urinary protein levels and tubulointerstitial injury index. Fosinopril significantly attenuated diabetic kidney injury and simultaneously blocked the intrarenal accumulation of these organic toxins, especially hippurate and glucuronides. These results show that intrarenal accumulation of organic toxins could play a significant part in the development of DN.
Liu et al. 30 carried out a 1 H NMR-based metabolomics study to analyze serum and urine obtained from DN monkeys. Higher levels of very low-density lipoprotein/low-density lipoprotein, lipids, unsaturated lipids, uric acid, allantoin, fumarate and hippurate, as well as lower levels of high-density lipoprotein, alanine, glutamate, pyruvate, formate, tyrosine, histidine and nicotinamide adenine dinucleotide were detected in DN models. The disturbed metabolic pathways mainly involved nicotinamide adenine dinucleotide metabolism, purine metabolism, oxidative stress, lipid metabolism and renal tubular reabsorption 30 . Wei et al. 31 carried out 1 H NMR-based metabolomics with correlative analysis to find characteristic metabolites, as well as the related pathways in urine and kidney samples of db/db diabetic mice compared with age-matched wild-type mice. Agedependent and correlated metabolite analysis identified that urinary cis-aconitate and allantoin could serve as biomarkers for the diagnosis of DN. Further, they showed that the enzymes dimethylarginine-dimethyl aminohydrolase, guanosine triphosphate cyclohydrolase I, and 3-hydroxy-3-methylglutaryl-CoA lyase were involved in dimethylamine metabolism, ketogenesis and guanosine-5 0 -triphosphate metabolism pathways, respectively, and could be potential therapeutic targets for DN 31 .
Chaihuang-yishen formula (CHYS) is a Chinese herbal formula that has been clinically shown to effectively treat DN. Zhao et al. 32 carried out an integrated metabolomic and lipidomic analysis to examine whether CHYS could attenuate the development of DN by regulating the disordered metabolic pathways in a DN rat model by uninephrectomy and a single intraperitoneal injection of STZ for >20 weeks 32 . Like fosinopril, the positive control, treatment with CHYS, produced a renoprotective effect against DN. The analyses showed that the therapeutic effect of CHYS on DN was significantly associated with the inhibition of elevated organic toxins, including several uremic toxins and glucuronides, as well as the normalization of diminished PLs, especially sphingomyelins. The authors suggested that the mechanisms of CHYS inhibition of DN occur by improving abnormal metabolic and lipidomic disorders, such as the accumulation of uremic toxins, glucuronides and PLs.
To show the metabolic changes associated with DN, Liu 33 analyzed the serum, urine, and renal extracts obtained from control and STZ-induced DN rats by 1 H NMR-based metabolomics and multivariate data analysis. A significant difference between control and DN rats was shown in their metabolic profiles, and several important DN-related metabolites, including increased levels of urine allantoin and serum uric acid, in the DN rats were identified, suggesting that disturbed purine metabolism might be involved in DN. They further showed that xanthine oxidase (XO), a key enzyme for purine catabolism, was abnormally activated in the kidney of diabetic rats by hyperglycemia. The highly activated XO increased the level of intracellular reactive oxygen species, which caused renal injury by direct oxidative damage to renal cells and indirectly induced inflammatory responses by activating the nuclear factor-jB signaling pathway. Disturbed purine metabolism and its related XO pathway were involved in the development of DN; UA and allantoin might be used as potential markers for oxidative stress in DN.
You et al. 34 reported that tricarboxylic acid cycle-related urinary metabolites were increased in DN mice, but fumarate levels were uniquely reduced by the nitric oxide (NOX)1/ NOX4 inhibitor. NOX4 is a nicotinamide adenine dinucleotide phosphate oxidase (NOX) isoform that has been linked to DN. They concluded that fumarate was a key link connecting metabolic pathways to DN pathogenesis, and that measuring urinary fumarate levels might have application for monitoring renal NOX4 activity.
The aforementioned studies highlighted that metabolomics is a promising tool to show metabolic changes, screen biomarkers and explore the underlying mechanism involved in the pathogenesis of DN. A recent systematic review summarized that several specific metabolite groups, such as amino acids including branched-chain amino acids, aromatic amino acids and lipids, such as PLs and non-esterified fatty acids, were either elevated or reduced in patients with DN compared with controls 35 . In the present review, we found that in clinical studies, the perturbations in amino acid metabolism, fatty acid metabolism and PL metabolism were shown in serum or plasma, whereas tryptophan metabolism and mitochondrial metabolism were shown in urine from DN patients. In animal studies, abnormal glucose, lipid metabolism and methylamine metabolism, intrarenal accumulation of organic toxins, disturbed purine metabolism, and its related XO pathway, as well as the tricarboxylic acid cycle, were found in DN based on the urine, serum or kidney. However, further studies are required because of the observed inconsistent alterations in some of the biomarkers, and the potential confounding influence of different study populations and methods. Future mechanistic studies are required to show how clinical therapies, such as rosiglitazone on type 2 diabetes mellitus patients with CHD and CHYS on DN, improve symptoms, and how the metabolites changed and took part in the development of DN.
Diabetic Retinopathy DR is the leading cause of acquired blindness in diabetes mellitus patients, and includes the following stages: a preclinical stage, non-proliferative DR (NPDR) and proliferative DR (PDR). The preclinical stage refers to patients with diagnosed diabetes mellitus, but no apparent DR. NPDR is characterized by venous dilatation, microaneurysms, retinal hemorrhages, retinal edema and hard exudates. PDR presents as either neovascularization or vitreous/preretinal hemorrhages, or both 36, 37 . Several studies have carried out metabolomics on the altered metabolites in DR patients, as shown in Table 3 .
Munipally et al. 38 detected the expression of indoleamine 2, 3-dioxygenase, and the levels of tryptophan metabolites in serum samples of DR patients using high-performance liquid chromatography and semi-quantitative reverse transcription polymerase chain reaction. They collected 35 control subjects, 22 NPDR patients and 24 PDR patients. Elevated expression of indoleamine 2, 3-dioxygenase and the levels of tryptophan metabolites, including kynurenine, kynurenic acid and 3-hydroxykynurenine, were observed in NPDR and PDR, but no significant change was found for the levels of tryptophan. These results show that indoleamine 2, 3-dioxygenase and tryptophan metabolites might participate in the pathology of DR 38 .
To explore the metabolic profile of the vitreous fluid of patients with PDR, Barba et al. 39 The main metabolites involved in this specific pattern recognition were galactitol and ascorbic acid; the levels of both were significantly lower in PDR patients. They concluded that apart from the higher abundance of lactate and glucose, significant deficits of galactitol and ascorbic acid were the main metabolic fingerprints of vitreous fluid from PDR patients. Li et al. 40 carried out a plasma metabolomics study of DR using GC-MS including 25 patients at the preclinical stage, 39 NPDR patients and 25 PDR patients. They discovered 10 metabolites (i.e., pyruvic acids, L-aspartic acid, b-hydroxybutyric acid, methymaleic acid, citric acid, glucose, stearic acid, transoleic acid, linoleic acid, arachidonic acid) that could be used to discriminate between the three stages (pre-clinic, NPDR, PDR). That study emphasized the alternative modes of metabolites and metabolic pathways in DR; for example, the disturbance in fatty acids, amino acids, glucose and so on 40 .
The aforementioned studies showed that metabolomics can reflect the metabolic patterns, development and differentiation of DR, and especially abnormal fatty acids, amino acids and glucose metabolism involve the mechanism of DR. However, more and more studies are required for better analysis.
Diabetic Peripheral Neuropathy
High glucose levels in the peripheral nervous system have been implicated in the pathogenesis of diabetic peripheral neuropathy. However, an understanding of the molecular mechanisms that cause the marked distal pathology is incomplete.
Freeman et al. 41 carried out a comprehensive, system-wide analysis of the peripheral nervous system through integrated proteomics and metabolomics of the sciatic nerve (SN), the lumbar 4/5 dorsal root ganglia, and the trigeminal ganglia of STZ-diabetic and healthy control rats 41 . Even though all tissues showed a dramatic upregulation in glucose and polyol pathway intermediates in diabetes, a striking increase in mitochondrial oxidative phosphorylation and perturbed lipid metabolism were found in the distal SN, which were not present in the corresponding cell bodies of the dorsal root ganglia or the cranial trigeminal ganglia. They suggested that the most severe molecular consequences of diabetes in the nervous system are present in the SN, which is the area most affected by neuropathy. The spatial metabolic dysfunction suggests a failure of energy homeostasis and/or oxidative stress, especially in the distal axon/Schwann cell-rich SN (Table 3) .
PROBLEMS
Although an increasing number of studies focus on diabetic complications, their underlying mechanisms have yet to be elucidated. The study of diabetic complications is still underrepresented in metabolomics research, as are prospective studies of human samples. Several points are suggested as below.
First, it is important to pay more attention not only to the control of blood glucose, but also to the control of diabetic complications. The earlier the complications are detected, the better the patient prognosis is. Second, there are relatively few studies on the detection of new biomarkers for diabetic complications, and there are also relatively few studies on the application of metabolomics in this field. Third, many variables, including sex and drug treatment, can affect metabolites and are thus potential confounders. The standardization of metabolomics data is always absent, but should be considered before research. We believe that the investigation of potential biomarkers for type 2 diabetes mellitus and its complications will facilitate the prediction and prevention of diabetes in the near future.
